Tragically common among children in sub-Saharan Africa, cerebral malaria is characterized by rapid progression to coma and death. In this study, we used a model of cerebral malaria appearing in C57BL/6 WT mice after infection with the rodent malaria parasite Plasmodium berghei ANKA. Expression and cellular localization of the brain water channel aquaporin-4 (AQP4) was investigated during the neurological syndrome. Semiquantitative real-time PCR comparing uninfected and infected mice showed a reduction of brain AQP4 transcript in cerebral malaria, and immunoblots revealed reduction of brain AQP4 protein. Reduction of brain AQP4 protein was confirmed in cerebral malaria by quantitative immunogold EM; however, polarized distribution of AQP4 at the perivascular and subpial astrocyte membranes was not altered. To further examine the role of AQP4 in cerebral malaria, WT mice and littermates genetically deficient in AQP4 were infected with P. berghei. Upon development of cerebral malaria, WT and AQP4-null mice exhibited similar increases in width of perivascular astroglial endfeet in brain. Nevertheless, the AQP4-null mice exhibited more severe signs of cerebral malaria with greater brain edema, although disruption of the blood-brain barrier was similar in both groups. In longitudinal studies, cerebral malaria appeared nearly 1 d earlier in the AQP4-null mice, and reduced survival was noted when chloroquine rescue was attempted. We conclude that the water channel AQP4 confers partial protection against cerebral malaria. C erebral malaria is a dangerous complication of infection with Plasmodium falciparum, especially in children of sub-Saharan Africa, with a mortality rate of 20% (1). If untreated, cerebral malaria often causes coma and death within 24 h (2). Survivors of cerebral malaria often suffer neurological sequelae such as ataxia, hemiplegia, epilepsy, and blindness. The exact pathogenesis of cerebral malaria remains unclear. It is thought that massive sequestration of erythrocytes containing mature stages of P. falciparum within the brain microvasculature (3), as well as an excessive response of the host immune system against the malaria parasite, contribute to the disease (4).
C erebral malaria is a dangerous complication of infection with Plasmodium falciparum, especially in children of sub-Saharan Africa, with a mortality rate of 20% (1) . If untreated, cerebral malaria often causes coma and death within 24 h (2). Survivors of cerebral malaria often suffer neurological sequelae such as ataxia, hemiplegia, epilepsy, and blindness. The exact pathogenesis of cerebral malaria remains unclear. It is thought that massive sequestration of erythrocytes containing mature stages of P. falciparum within the brain microvasculature (3), as well as an excessive response of the host immune system against the malaria parasite, contribute to the disease (4).
Brain edema and intracranial hypertension are common in cerebral malaria. Elevated cerebrospinal fluid pressure has been reported in more than 80% of African children with cerebral malaria (5, 6) . Computed tomography of Kenyan children with cerebral malaria revealed that more than 40% had brain edema (7) . More recently, increased brain volume in Malawian children with cerebral malaria based on MRI was reported (8) . Severe intracranial hypertension in children with cerebral malaria is often fatal (7, 9) . Autopsies of African children who died from cerebral malaria revealed brain edema (10, 11) .
A murine model of cerebral malaria has been established in a susceptible strain of mice (C57BL/6) infected with the rodent malaria parasite P. berghei ANKA (12) . Although relevance to human cerebral malaria in adults has been questioned (13) , this model is still considered critical to study underlying mechanisms of cerebral malaria in children (14) (15) (16) . In this mouse model, monocytes are sequestered in the brain microvasculature, whereas parasitized red blood cells are seen in the human disease. Despite this discrepancy, human cerebral malaria and the experimental murine model of cerebral malaria both include seizures, petechial hemorrhages, and coma followed by death (12, 14, 17 ) with brain edema (12, 18) . MRI of cerebral malaria in mice revealed massive brain edema compressing cerebral arteries, causing coma and death (19) .
Abundant in brain, the aquaporin-4 (AQP4) water channel plays multiple roles regulating brain water homeostasis, astrocyte migration, neuronal excitability, and neuroinflammation (20) . AQP4 is highly expressed in ependymal cells and astrocytes with polarized distribution in end-feet membranes facing cerebral capillaries and pia mater (21) . The strategic location at the blood-brain interface and the cerebrospinal fluid-brain interface makes AQP4 a major factor in regulation of water movement into and out of the brain. AQP4 has been investigated in brain edema associated with multiple forms of brain injury such as stroke, meningitis, neuromyelitis optica, and brain tumor (22) . A role for AQP4 in cerebral malaria has recently been suggested by light microscopy (23, 24) . To clarify participation of AQP4 in the pathophysiology of cerebral malaria, we analyzed AQP4 mRNA and protein expression and performed immunoelectron microscopy of brain in control and AQP4-null mice. Our studies support a protective role for AQP4 in murine cerebral malaria. Therapeutic treatments based on AQP4 when available may improve clinical outcome in cerebral malaria.
Results
A well-established experimental mouse model of cerebral malaria was used (12, 18) . C57BL/6 WT mice infected with P. berghei ANKA developed cerebral malaria with increased brain water content (Fig. 1A) . Existence of cerebral malaria was confirmed by analysis of marker proteins. Increased expression of the intercellular adhesion molecule 1 (ICAM-1) on activated brain endothelial cells was detected by immunoblot (Fig. 1B) . Increased expression of the astrocyte-specific marker GFAP was assessed by immunofluorescence microscopy (Fig. 1C) . Such increased expressions of ICAM-1 and GFAP are known to occur in murine cerebral malaria (25, 26) .
To examine whether the astrocyte water channel AQP4 was affected during cerebral malaria, C57BL/6 WT mice were infected with P. berghei ANKA and expression of AQP4 was investigated. Semiquantitative real-time PCR revealed a strong decrease in AQP4 mRNA expression in cerebral malaria (0.28 ± 0.02% vs. 0.65 ± 0.09%; P < 0.05; n = 5-7; Fig. 2A ). Immunoblots of whole brain samples revealed partially decreased expression of AQP4 protein in mice with cerebral malaria (81.1 ± 4.3%) compared with control levels (100 ± 3.5%; P < 0.05; n = 5; Fig. 2 B and C) . Anti-AQP4 immunogold EM was used to assess the distribution and level of expression of AQP4 protein in brains of mice with cerebral malaria. EM revealed membrane polarization of AQP4 at the perivascular astrocyte processes and end-feet swelling in the mice To whom correspondence may be addressed. E-mail: dpromene@jhsph.edu or pagre@ jhsph.edu.
with cerebral malaria (Fig. 3 A and B) . Quantification of AQP4 expression confirmed a partial reduction of AQP4 at the perivascular and the subpial membranes of astroglia in mice with cerebral malaria (Fig. 4) . Linear density of anti-AQP4 immunogold particles per micrometer was lower in mice with cerebral malaria than in control mice at perivascular membranes (2.59 ± 1.25 vs.
3.04 ± 1.14; P < 0.05; n = 4) and subpial membranes (2.97 ± 1.09 vs. 3.97 ± 1.36; P < 0.01; n = 4).
To further investigate the role of AQP4 protein in cerebral malaria, AQP4-null mice with C57BL/6 genetic background were infected with P. berghei ANKA. EM analysis performed at the apparent onset of cerebral malaria showed that AQP4-null mice also developed an increase in width of perivascular astrocyte endfeet ( Fig. 5 A and B) . When EM images of WT and AQP4-null brains were directly compared, end-feet widths were similar in brains of uninfected mice but increased comparably with appearance of cerebral malaria (Fig. 6) . At the outset of the experiment, WT and AQP4-null mice appeared similar, but cerebral malaria appeared earlier in the AQP4-null mice. Most WT mice still appeared normal at the beginning of day 6 postinfection, whereas some AQP4-null mice were already showing signs of cerebral malaria, such as reduced mobility, ruffled coat, hunched back, or coma. Neurological impairment was scored according to the grading system of Waknine-Grinberg et al. (27) in which greater disease severity is associated with higher scores. Body weight and temperature scores were similar for AQP4-null and WT mice; however AQP4-null mice exhibited higher clinical scores for abnormal appearance and behavior compared with WT mice (Fig. 7) .
Examination of brains of mice with cerebral malaria yielded a subtle difference. The AQP4-null mice with cerebral malaria consistently displayed greater brain water content than their infected WT littermates (80.10 ± 0.75% vs. 77.71 ± 0.11%; P < 0.05; n = 5; Fig. 8A ). Despite abnormalities in brain water homeostasis, the integrity of the blood-brain barrier, as assessed by leakage of Evans blue dye from the vascular space, was disrupted similarly in WT and AQP4-null mice (Fig. 8B ). The effect of AQP4 deficiency on survival from cerebral malaria was analyzed by Kaplan-Meier plot. WT and AQP4-null mice all survived the first 5 d postinfection, but some of each group became sick and began to die on the sixth day (Fig. 9A) . By the end of day 6, survival of AQP4-null mice was reduced compared with WT littermates (31.6 ± 7.54% vs. 85.7 ± 5.91%). Survival was further reduced in both groups by the end of day 8 (5.26 ± 3.62% vs. 14.3 ± 5.91%). All mice were dead after the 10th day postinfection. These survival differences were of statistical significance (P < 0.001; n = 35 AQP4-null mice and n = 37 WT mice). To confirm a potentially protective role for AQP4 in cerebral malaria, a rescue experiment was undertaken. Chloroquine was administrated twice daily to all mice beginning on the morning of day 6 (Fig. 9B) . By this time, the AQP4-null mice were already showing more pronounced signs of illness. Chloroquine treatment was continued until day 15, by which time only 20% of AQP4-null mice survived, whereas 70% of WT mice were still alive (P < 0.05; n = 10). 
Discussion
Aquaporin water channels facilitate rapid transmembrane movements of water into and out of cells (28) . Found in all forms of life, aquaporins are involved in multiple physiological and pathophysiological pathways (29) . The fourth member of the aquaporin water channel family, AQP4, bears several distinctive features (30, 31) . AQP4 is resistant to mercurial inhibition because of the absence of a specific cysteine residue within the pore. AQP4 exists as two isoforms as a result of alternative translation initiation at M1 or M23 (32) (33) . M23 preferentially forms large square arrays as a result of self-assembly (34) . AQP4 has attracted large attention as a result of its preponderance within the central nervous system (reviewed in ref. 35 ). Abundant at brain-liquid interfaces, AQP4 regulates water exchange between blood or cerebrospinal fluid and brain parenchyma. AQP4 is highly enriched in membranes of astrocyte end-feet processes surrounding vascular endothelium, beneath ependymal cells that line the ventricles, and beneath pia mater at the brain surface. In contrast, AQP4 density is much lower at the astrocyte membrane domains facing the neuropil (21, 36) . The markedly polarized distribution of AQP4 involves a PDZ binding domain at the C terminus of AQP4 that is linked to α-syntrophin, a member of the dystrophin-associated proteins (37) .
AQP4 has been studied in mouse models of multiple brain disorders (reviewed in refs. 22, 38) . AQP4-null mice are partially protected from brain edema caused by hyponatremia or ischemia (39). AQP4 mislocalization partially protects against reperfusion injury after transient middle cerebral artery occlusion in α-syntrophin-null mice (40) . AQP4 deficiency in mice appears to worsen the outcome from brain tumor, abscess, cortical freezing, and subarachnoid hemorrhage (41, 42) . Thus, deficiency or mislocalization of AQP4 protect against cytotoxic (cellular) brain edema with intact blood-brain barrier, whereas AQP4 facilitates clearance of vasogenic (leaky vessel) edema with defective bloodbrain barrier.
Evidence linking AQP4 to other neural disorders is emerging. Deficient or mislocalized AQP4 increased susceptibility to epileptic seizures and exacerbated the severity (43, 44) . Deficiency of AQP4 was noted in epileptogenic locus in hippocampus from some humans with mesial temporal lobe epilepsy (45) . AQP4 has been implicated in astrocyte migration and may delay glial scarring during wound healing (46) . AQP4 is specifically involved in neuromyelitis optica, a recurrent demyelinating disease of optic nerve and spinal cord causing blindness and paralysis (reviewed in ref. 47) . Cerebral presentations are far more common in children than in adults (48) . Circulating autoantibodies to astroglial membranes had been identified in the majority of patients with neuromyelitis optica, but not in patients with multiple sclerosis, a common demyelinating disease with which neuromyelitis optica was sometimes confused (49) . Autoantibodies from patients with neuromyelitis optica react specifically with external domains of AQP4 (50) and explain clinical variability (51) .
Cerebral malaria has enormous clinical importance for children in sub-Saharan Africa (4). A mouse model of cerebral malaria exists (12) . C57BL/6 mice infected with the rodent malaria parasite P. berghei ANKA reproducibly manifest cerebral malaria at 1 wk postinfection. Similar to cerebral malaria in human children, sensitive strains of mice rapidly decline into coma, with cerebral edema and hypertension (19) . In contrast, adult humans with cerebral malaria exhibit a different course, with evidence indicating that inflammation and edema are less critical in older patients (13) .
AQP4 water channels have recently been studied in cerebral malaria. Comparing a cerebral malaria-susceptible strain of mice vs. a resistant strain by light microscopy, greater expression of brain AQP4 was documented in the susceptible mice (24) . This caused the investigators to consider AQP4 as a factor contributing to the deleterious consequences of cerebral malaria, and an AQP4 . Accelerated mortality from cerebral malaria in AQP4-null mice. WT and AQP4-null mice infected with 10 6 P. berghei parasites were monitored for survival. (A) Earlier deaths were seen in the AQP4-null mice compared with WT mice during the progression of cerebral malaria. Survival data are pooled from four independent experiments (P ≤ 0.01; n = 35 WT mice; n = 37 AQP4-null mice). (B) Chloroquine was administered to mice twice per day beginning on the morning of day 6. By day 15, only 20% of AQP4-null mice were rescued from cerebral malaria vs. 70% of the WT mice. Data are survival probabilities and SEs as determined by Kaplan-Meier analysis (P ≤ 0.05; n = 10 WT mice; n = 10 AQP4-null mice). threshold was proposed above which infected mice can no longer compensate. It was suggested that AQP4 might be a target for therapeutic intervention to prevent cerebral malaria. A second recent light microscopy study of Vietnamese adults who had died of cerebral malaria revealed a modest, statistically insignificant increase of AQP4 in brainstem but not midbrain or cortex (23) . The investigators postulated that AQP4 may confer neuropathological and neuroprotective responses to cerebral malaria in adult humans. Both aforementioned studies used immersion fixation of whole brain with light microscope imaging, without resolution to assess subcellular distribution, and neither used mRNA or protein analyses. With different methodologies, our studies reached a different conclusion. Rigorous methods to prevent protein degradation documented a 20% decrease in AQP4 expression in murine cerebral malaria (Fig. 2) . The decrease in AQP4 in murine cerebral malaria was confirmed by high-resolution immunocytochemistry of astrocytes at perivascular and subpial locations, but the polarized distribution of AQP4 was not altered in cerebral malaria (Fig. 3) . The decrease in AQP4 protein may primarily result from the reduced AQP4 mRNA abundance. It may also result from posttranslational mechanisms, as the AQP4 protein can be endocytosed and trafficked to lysosomal compartment for degradation (52) . Potential candidates for the AQP4 decrease may be hypoxia, endothelin-1, or thrombin, all known to be present or increased in cerebral malaria and to reduce AQP4 (53) (54) (55) (56) (57) (58) (59) (60) (61) .
Analysis of mice with targeted disruption of the gene encoding AQP4 revealed a protective role for AQP4 in cerebral malaria. EM studies of brains from WT mice and AQP4-null mice exhibited similar tissue morphologies (Figs. 3A and 5A ). When afflicted with cerebral malaria, both strains of mice exhibit similar cytotoxic edema as reflected by similar swelling of perivascular end-feet (Figs. 3B and 5B). Both strains of mice also exhibit similar disruption of the blood-brain barrier in response to malarial infection as assessed by Evans blue dye leakage, which represents evidence of vasogenic edema (Fig. 8) . However, multiple measures of clinical status were more severely abnormal in the AQP4-null mice with cerebral malaria (Fig. 7) . Brain water content of the AQP4-null mice was higher (Fig. 8) . The AQP4-null mice showed accelerated mortality and resistance to chloroquine rescue (Fig. 9) . The AQP4-null mice reached the terminal phase of the disease earlier than their WT littermates, and they could no longer be rescued by chloroquine. Taken together, these findings suggest that vasogenic edema predominates in murine cerebral malaria and that the protective effect of AQP4 is via the ensuing vasogenic edema.
In conclusion, our studies support a protective role for AQP4 in cerebral malaria. While AQP4 levels were modestly decreased in cerebral malaria, their distribution was unchanged. Similar to WT littermates, uninfected AQP4-null mice had no obvious abnormalities. Reduced ability to eliminate edema during cerebral malaria is presumed to explain the susceptibility of AQP4-null animals. When the profound evolutionary pressure of malaria is considered, even small advantages in clinical presentation and survival are likely to have significant consequences on populations.
Materials and Methods
Mice, Parasites, and Drug Treatment. AQP4-null mice were generated by targeted gene disruption as described by Thrane at al (62) and backcrossed at least 10 times onto the C57BL/6 genetic background with normal mice (Jackson Laboratory). All experiments used methods and guidelines approved by the Animal Ethical Care Committee of Johns Hopkins University in compliance with US guidelines for the use of animals in research. Eight-to 12-wk-old female mice were infected with P. berghei ANKA (PbA MRA-311; Centers for Disease Control and Prevention) by i.p. injection of 10 6 infected red blood cells. Survival was monitored each day, and parasitemia (percentage of infected red blood cells) was assessed every other day by examination of Giemsa-stained tail blood smears. The disease severity was scored according to a grading system described by Waknine-Grinberg et al. (27) . This grading system considers changes in appearance and behavior, the loss of body weight and decrease in body temperature. In some experiments, mice were treated with chloroquine (10 mg/kg body weight; Sigma-Aldrich) dissolved in PBS solution and administered by i.p. injection.
Antibodies. We used the following antibodies: AQP4 (catalog no. AB3594; Millipore), an affinity-purified rabbit polyclonal antibody against AQP4; ICAM-1 (catalog no. MAB1397Z; Millipore), a monoclonal antibody against ICAM-1; β-actin (catalog no. A1978; Sigma-Aldrich), a monoclonal antibody against β-actin; and GFAP (catalog no. 10-0300; Invitrogen), an affinity-purified rat polyclonal antibody against GFAP.
Immunoblotting. Immunoblotting of whole brains was performed as previously described (63) . AQP4 protein level in the experimental animals were calculated as fraction of control levels and normalized to 100%.Values were presented as means ± SEM.
Preparation of RNA Samples and Semiquantitative Real-Time PCR. Total RNA was extracted from the cerebrum and reverse-transcribed to cDNA. The quantitative PCR was performed by using SYBR Green real-time PCR Master Mix (Applied Biosystems) according to the manufacturer's instructions. We used the following primers: 5′-GAGTCACCACGGTTCATGGA-3′ (sense) and 5′-CG-TTTGGAATCACAGCTGGC-3′ (antisense) for AQP4 and 5′-TGTATGCCTCT-GGTCGTACC-3′ (sense) and 5′-CAGGTCCAGACGCAGGATG-3′ (antisense) for β-actin. Changes in AQP4 and β-actin mRNA values were estimated by raising the reaction efficiency to the exponent power of the negative threshold cycle (E-Ct) (64) . AQP4 mRNA values were normalized to those of β-actin used as internal controls. Values were presented as means ± SD.
Immunogold EM. Mice were perfused through the heart with 4% formaldehyde in phosphate buffer containing 0.2% picric acid at pH 6.0, then pH 10.0, for quantitative immunogold analysis (40) , and with a mixture of 4% formaldehyde and 0.1% glutaraldehyde in phosphate buffer for measurement of end-feet swelling. Brain specimens were embedded in methacrylate resin (Lowicryl HM20). Ultrathin sections were incubated with antibodies to AQP4 followed by goat anti-rabbit antibody coupled to 15-nm colloidal gold and examined by using a CM 10 electron microscope (Philips) (38) . For the quantification of AQP4 immunogold labeling, digital images of sections from four malaria infected mice (80 images) and three control mice (81 images) were acquired and quantified with a commercial image analysis program (Soft Imaging Systems). Non-end-feet labeling density was measured as labeling per unit area excluding all perivascular processes. For the quantification of the end-feet swelling, ultrathin sections were contrasted by 0.3% uranyl acetate and 1% lead citrate, and 25 to 30 digital transmission EM images containing astrocytic end-feet adjacent to brain capillaries were randomly acquired from each section. Swelling of end-feet was calculated by dividing end-feet area by length of the membrane facing the basal lamina with the software program ImageJ. Mean value of the groups (WT control, n = 3, 72 end-feet; WT malaria, n = 3, 81 end-feet; AQP4-null control, n = 3, 70 end-feet; AQP4-null malaria, n = 4, 105 end-feet) were compared by ANOVA. Data are presented as mean ± SE.
Brain Water Content. After mice were killed, brains were removed, weighed to assess wet weight (WW), dried for 24 h at 80°C, and weighed to assess dry weight (DW). The brain water content, as a percentage, was calculated by the following formula: [(WW − DW)/WW] × 100.
Blood-Brain Barrier Disruption. Mice were injected i.v. with 0.2 mL of 2% Evans blue dye (Sigma-Aldrich) in PBS solution on day 6 after infection. One hour later, mice underwent intracardiac perfusion with PBS solution, and their brains were removed. Brains were weighted and immersed in 2 mL formamide at 37°C for 48 h. Dye extravasation was measured by optical absorbance at 620 nm and compared with Evans blue/formamide standards. Results are reported as micrograms Evans blue dye per gram of brain tissue.
Statistical Analysis. Statistical analyses were assessed by an unpaired t test or ANOVA whereby several groups were analyzed. Data were presented as mean ± SEM. The Kaplan-Meier test was used for analysis of survival curves. Differences in which P < 0.05 were considered statistically significant.
